ABSTRACT Fiber diffraction studies are used to demonstrate that changes in the helical symmetry of the protein coat of filamentous bacterial viruses fd and Ml 3 are correlated with changes in the surface charge. Comparison of the structure of Ml 3 and fd at pH 2 and 8 indicate that surface charge affects both the helical symmetry and flexibility of the virions. The changes in helical symmetry are similar in magnitude to that observed in the Pseudomanas phage Pf1 and probably reflect an inocuous side effect of the particle flexibility required for protection of the virus particles from damage due to shear. The magnitude of the observed changes in helical symmetry appears to be limited to that which can occur without repacking of the interfaces between the a-helices making up the viral protein coat.
INTRODUCTION
M13 and fd are filamentous bacteriophages differing by less than 2% in nucleotide sequence and with coat proteins differing by only a single amino acid; asn12 of M13 corresponds to asp12 in fd. These viruses are single-stranded DNA phage composed of a closed, circular, single-stranded DNA molecule packaged into a flexible, filamentous particle 65 A in diameter and 9,300 A in length (for reviews, see Makowski, 1984; Model and Russel, 1988) . The particle is composed largely of 2,800 copies of a small, largely hydrophobic coat protein that forms a cylindrical shell about the DNA. The coat protein is 50 amino acids in length and consists mainly of a single, gently curving a-helix tilted at an angle of 200 to the viral axis (Marvin, 1966; Opella et al., 1987; Glucksman, 1990; Glucksman et al., 1992) . A diagram of the structural organization of the virus is shown in Fig. 1 .
The symmetry of the protein coat combines a fivefold rotation axis with an approximate two-fold screw axis (Makowski and Caspar, 1981; Banner et al., 1981) . In this paper we will use the notation C5S20 to designate the symmetry of a helical object exhibiting fivefold cyclic (rotational) symmetry and a twofold screw. The elements of this helical symmetry, and their relation to the corresponding fiber diffraction patterns are described in Fig. 2 . The origin of layer line splitting, an experimental measure of deviations from the twofold screw symmetry is also described in this figure.
The similar Pseudomanas phage Pfl has its subunits *Dr. Glucksman (Wachtel et al., 1976; Nave et al., 1979; Hinz et al., 1980) . As temperature decreases, the helical symmetry changes from C1S5 40 to C,Ss 46. Heavy atom binding also affects the helical symmetry of the phage particle. These symmetry transitions may represent an innocuous side effect of the particle flexibility that provides critical protection of the particles from damage due to shear (Makowski, 1984; Nambudripad et al., 1991) . Symmetry transitions have not been reported for M13. Differential scanning calorimetry (Hinz et al., 1980) indicated that a temperature transition similar to that of Pfl does not occur in fd. Heavy atom derivatives of M13 also have essentially the same symmetry as native M13 (Glucksman et al., 1992) . However, data have been reported that are consistent with slight variations in the C5S20 symmetry for fd and the similar phage particles Ifl and IKe (Marvin et al., 1974) . Here we describe a systematic survey of symmetry changes that occur in the class I (fd-like) filamentous bacteriophage particles.
MATERIALS AND METHODS

Specimen preparation
M13 and fd were grown and purified using standard techniques (e.g., Maniatis et al., 1982) as reported previously (Glucksman, 1990; Glucksman et al., 1992 
X-ray diffraction patterns
X-ray diffraction patterns from four fibers are shown in Fig. 3 . Fig. 3 a is a diffraction pattern from M13 at pH 2. Fibers prepared at pH 2 were uniformly well oriented and exhibited well defined layer lines spaced at intervals corresponding to an axial repeat of 33.1 A. Measurable intensity often extended off the edge of the film at spacings of 3 A or better. No layer line splitting could be detected. The symmetry of the particles giving rise to these diffraction patterns is C5S20 (Makowski and Caspar, 1981; Banner et al., 1981) . X-ray diffraction patterns from M13, fd, and fd24f at pH 2 were indistinguishable. Fig. 3 b is a diffraction pattern from M13 at pH 8. The orientation of particles in the fiber used to obtain the pattern is not as good as for the specimen at pH 2 shown in Fig. 3 a. Careful examination of the first layer line indicates that a very small amount of layer line splitting may be occuring, but this is not evident in all patterns from M13 at pH 8. The symmetry of particles in this fiber is very close to C5S20, but not precisely so. interpret these patterns as due to "double-orientation" of particles in the fiber. However, the splitting on the off-equatorial layer lines is clearly not up-down symmetric, indicating that a more complex phenomenon is leading to the observed diffraction. The diffraction patterns in Fig. 3 are representative of dozens of patterns taken from these viruses at pH 2 and pH 8. At pH 2, none of the viruses give rise to diffraction patterns that exhibit layer line splitting. At pH 8, diffraction patterns from fd and fd24f always exhibit splitting. Diffraction patterns from fibers of M13 at pH 8 that were formed very slowly (4-6 wk) exhibit very little or no observable splitting. When fibers of M13 are dried in 3-6 d, they usually exhibit splitting comparable to that seen for fd at pH 8. These results are summarized in Table 1 . Fig. 4 is a contour plot of the optical densities in a diffraction pattern from fd24f. It is clear from this diagram that the intensity along the layer line has broken into a number of layer lines parallel to one another and spaced approximately equidistant from one another. Fig. 5 is a diagram of the positions of reflections in the split first layer lines in patterns from (a) fd and (b) fd24f. Table 2 includes a list of the reflections diagrammed in Fig. 5 .
Layer line splitting
The diagrams in Fig. 2 Fig. 5 ), but is unlikely to result in an incorrect indexing of the peaks. Defining A as the meridional separation between Bessel function terms differing in order by + 10, we calculated the symmetry of the particles giving rise to the observed diffraction as described in Fig. 6 . A summary of these results appears in Table 3 .
This analysis provides us with a basis for reanalyzing the results of Marvin et al. (1974) , which included several diffraction patterns with data indicative of layer line splitting in fd or similar viruses. The diffraction patterns presented in that work were taken before the discovery (Torbet and Maret, 1979 ) that magnetic fields could be used to greatly improve the orientation of filamentous phage particles in fibers. Consequently, the errors in the helical symmetry derived from those patterns will be larger than for those diffraction patterns reported here. Marvin et al. (1974) identified strong, near meridional intensity on the first layer line and recognized that the strong intensity in the 10-A region was shifted axially relative to it. Comparing them to the diffraction patterns in Fig. 3 (continued) helical macromolecular assemblies are known to form helical aggregates, including sickle-cell hemoglobin double-strands (Magdoff-Fairchild and Chiu, 1979; Vassar et al., 1982; Potel et al., 1984) , and fibrinogen (Weisel et al., 1987) . When helical objects aggregate through the formation of regular, side-to-side interactions, they form aggregates with the same pitch as that of the individual constituent particles. The form of the diffraction data from fd and fd24f indicates that helical aggregates have formed within the fiber during drying. This has no bearing on the calculation of the helical pitch of individual particles because the pitch of the aggregate is identical to the pitch of the constituent particles. 
DISCUSSION
The a-helical subunits of M13 lie approximately parallel to the 15-start helices at the surface of the virus particle as illustrated in Fig. 1 . Since these helices are tightly packed in the virus particle, a change in the helical symmetry of the particle reflects a change in the tilt of these helices. Conversely, changes in the interactions of the helices near the particle's surface may be responsible for the observed change in the helical symmetry of the particle.
The results presented here indicate that the helical Reciprocal Space 2 symmetries of filamentous bacteriophages M13 and fd are sensitive to pH between pH 2 and 8. The ionic properties of filamentous phage particles are completely determined by the titrating groups in the amino terminal half of the coat protein (Zimmermann et al., 1986) . These groups are on the surface of the virus particle. Charged groups near the carboxyl terminus interact with the DNA (Hunter et al., 1987; Rowitch et al., 1988) , and apparently have no effect on the ionic properties of the virions. On the viral surface, the M13 coat protein has four acidic residues, one basic residue and the positively charged amino terminus. In fd, there is an additional acidic group, asp12. In going from pH 2 to pH 8, the surface charge of the M13 coat protein goes from approximately +2 to -2. In fd it changes from about +2 to -3. At pH 2, both the charge per protein and the helical symmetry are the same for fd and M13. At pH 8, fd has one additional negative charge per coat protein, and exhibits different behavior from M13 with regard to the observed helical symmetry. The mutant fd24f has the same surface charges as fd, identical symmetry at pH 2 and similar, though not identical, symmetry at pH 8. These results indicate that surface charge is a major factor, but not the only factor, in stabilizing the helical symmetry of the phage particle.
The effect of drying speed on the observed layer line splitting in M13 indicates that the helical symmetry may be affected by additional properties of the coat proteins. Aggregates of regularly interacting helical particles ex- hibit the same pitch as the constituent particles (Makowski and Fairchild, 1986; Weisel et al., 1987) . If the helical particles are of fixed pitch, radial growth of the aggregate is limited; as growth proceeds, the added filaments are increasingly distorted in order to conform to the helical twist of the aggregate. At some point, the energy required to distort the particles being added exceeds that obtained from binding energy and the radial growth ceases (Makowski and Fairchild, 1986 ). This behavior is consistent with the observations of diffraction from fibers of fd and fd24f, but not from fibersofM13.
As a fiber of M13 at pH 8 slowly dries, helical aggregates of M13 form. If drying proceeds slowly enough, the aggregates get very large and appear to untwist until the particles have an almost exact twofold screw axis. In this case, growth of aggregates is not limited by fixed helical symmetry. Binding energy that leads to distortion of particles on the surface of the aggregate appears to provide energy for the progressive untwisting of the aggregates. Optical microscopy of concentrated solutions of M13 has been used to demonstrate the formation of helical aggregates which, during growth, increase in both pitch and radius (Hellman, 1990; Hellman and Makowski, unpublished results) . The pitch of these aggregates is measured in microns by the time they are large enough to be observed by optical microscopy, and the ionic strength in these solutions is lower than in the fibers. Nevertheless, they may represent either a very similar process to that reported here, or the final stages in the growth of helical aggregates during fiber formation. Significantly, in those studies, no aggregates formed at pH 2 exhibited visible twist (Hellman, 1990 ).
Based on these observations, we have developed the following model to account for the diffraction data from M13 and fd: At pH 2, both fd and M13 have twofold screw axes, and the entire diffraction pattern may be accounted for based on a particle symmetry C5S20. At pH 8, because of the change in surface charges, fd takes on a helical symmetry of C5S2.4. During formation of fibers the fd particles form helical aggregates of limited radial extent, but their helical symmetry does not change substantially during fiber formation. This is also true of fd24f which has a helical symmetry C5S207 at pH 8, deviating from a twofold screw axis by somewhat more than fd. At pH 8, the helical symmetry of M13 also deviates from a simple twofold screw. However, if fiber formation is sufficiently slow, interparticle interactions tend to untwist the M13 particles so that their exact symmetry in the partially dried fiber depends on the radial extent of the helical aggregates formed during dehydration. Slow drying results in the complete untwisting of the particles so that no layer line splitting is observed and the particle symmetry is C5S20. Relatively fast drying (3 to 6 d) does not provide time for the growth of aggregates large enough to completely untwist the particles, and layer line splitting comparable to that of fd is observed. Presumably, the difference of one charge per coat protein alters either the interparticle interactions, particle flexibility, or both, accounting for the different behaviors of M13 and fd.
The changes in helical symmetry reported here are similar in magnitude to those observed for Pfl on binding of heavy atoms, or reduction of temperature below 8°C. In those transitions, the helical symmetry of Pfl varied from C1S540 to C1S546. Here we have reported symmetry changes in M13 and fd from C5S20 to C5S207. The similar extent of these transitions driven by different forces may be due to limitations in the allowed movement of protein-protein interfaces. Relative displacements of interacting ao-helices by less than 1.5 A may be accomplished without repacking of the amino acid side chains of the interface (Chothia et al., 1983) . Relative displacement by more than 1.5 A usually requires a repacking of the interface and may require substantially more energy to accomplish.
The largest protein-protein motion observed in the symmetry transitions reported here is between the inside of the a-helical subunit near its amino terminus and the underlying ox-helix from a symmetrically equivalent subunit 30 A from its amino terminus. Assuming the symmetry changes reflect comparable relative movement of the a-helical segments, the largest relative motion of abutting helices observed in fd is -0.9 A and in fd24f is 1.7 A. Both of these movements can be accomplished without repacking of helix-helix interfaces. Consequently, the observed symmetry changes may reflect the maximum structural change possible without repacking of the interior of the viral protein coat. The relatively large changes in helical symmetry can be tolerated only because of the small radius of protein-protein interactions in the virus. This is the structural basis for flexibility in these virus particles.
